Abstract The purpose of this study was to determine the influence of posture on the expiratory activity of the abdominal muscles. Fifteen young adult men participated in the study. Activities of the external oblique abdominis, internal oblique abdominis, and rectus abdominis muscles were measured electromyographically in various postures. We used a pressure threshold in order to activate the abdominal muscles as these muscles are silent at rest. A spirometer was used to measure the lung volume in various postures. Subjects were placed in the supine, standing, sitting, and sitting-with-elbow-on-theknee (SEK) positions. Electromyographic activity and mouth pressure were measured during spontaneous breathing and maximal voluntary ventilation under the respiratory load. We observed that the lung volume changed with posture; however, the breathing pattern under respiratory load did not change. During maximal voluntary ventilation, internal oblique abdominis muscle expiratory activity was lower in the SEK position than in any other position, external oblique abdominis muscle inspiratory activity was lower in the supine position than in any other position, and internal oblique abdominis muscle activity was higher in the standing position than in any other position. During spontaneous breathing, external oblique abdominis muscle activity was higher during expiration and inspiration in the SEK position than in any other position. The internal oblique abdominis muscle activity was higher during both inspiration and expiration in the standing position than in any other position. The rectus abdominis muscle activity did not change with changes in posture during both inspiration and expiration. Increase in the external oblique abdominis activity in the SEK position was due to anatomical muscle arrangement that was consistent with the direction of lower rib movement. On the other hand, increase in the internal oblique abdominis activity in the standing position was due to stretching of the abdominal wall by the viscera. We concluded that differences in activity were due to differences in the anatomy of the abdominal muscles and the influence of gravity.
Introduction
Posture affects the feeling of breathlessness in patients with chronic obstructive pulmonary disease (COPD). For example, patients usually assume a sitting-with-elbow-on-the-knee (SEK) and bent trunk position when they feel breathlessness after exercise. It is believed that the pectoralis major and serratus anterior muscles can assist inspiration in this position. Positioning of the body is important in respiratory rehabilitation. Training of breathing patterns begins in the semi-Fowler position and continues in the sitting or standing position until the patient can breathe with minimal or no breathlessness while walking and during self-care activities (Kisner and Colby, 2002) .
The abdominal muscles include the rectus abdominis, external oblique abdominis, internal oblique abdominis, and transversus abdominis. These muscles play a role in trunk motion, posture, labor, vomiting, dejection, and respiration (D'Angelo and Agostoni, 1995; Essendrop et al., 2002; Hodges and Gandevia, 2000) . Activity of the abdominal muscles is not generally observed during respiration at rest; however, these are activated during exercise and expiratory effort. Posture is also known to affect the activity of the abdominal muscles.
De Troyer (1983) reported that upper and lower abdominal muscle activities were observed in various tilt positions; however, such activity was not observed in the supine position. In contrast, tonic activity of the abdominal muscles was observed in 6 of 10 subjects in a 45-degree head-up position and in 8 of 10 subjects in an 80-degree head-up position. De Troyer explained that this increase in tonic activity resulted from an increase in intra-abdominal pressure attributed to gravity and that this activity served to prevent a shift in the length-tension relation by shortening the diaphragm (De Troyer, 1983) . Other investigators reported that tonic abdominal muscles were more active in the standing position than in the supine position (Abe et al., 1996; Barrett et al., 1994; Strohl et al., 1981) . Barrett and colleagues measured abdominal muscle activity in 0-, 60-, and 90-degree head-up positions with expiratory breathing load. The abdominal muscle activity did not change with the degree of tilting; however, the lowest load required to activate the abdominal muscles occurred in the 90-degree head-up position. Thus, the threshold for abdominal muscle activation is low.
However, the relation between a posture that is commonly used by the breathless patients and respiratory activity of abdominal muscles in that posture has not been studied. Therefore, we conducted an electromyographic study to determine the effect of posture on abdominal muscle activity.
Methods

Subjects
Fifteen young adult men participated in our study (Table 1) . It was confirmed that they did not have cardiovascular, pulmonary, neuromuscular, or orthopedic disease. Details of the study were explained to the subjects, and their informed consent was obtained.
Measurement of respiratory muscle strength
Respiratory muscle strength was expressed as mouth pressure during maximal expiratory and inspiratory effort (PEmax and PImax, respectively). A cylinder 3 cm in diameter was connected to a valve, and a flange-type mouthpiece was connected at the other end. In accordance with Black and Hyatt's method, a 1.5-mm-diameter orifice was made in the valve to prevent artifacts (Black and Hyatt, 1968) . A differential pressure transducer (TP-604T, Nihonkouden, Tokyo, Japan) was connected to the cylinder with a 5-mmdiameter tube. This apparatus was used to measure PEmax and PImax. A nose clip was used during measurement. PEmax was measured at total lung capacity (TLC), and PImax was measured at residual volume (RV). PImax was expressed as an absolute value.
Spirometry
Lung capacity was measured using a spirometer (AS-300, Minato Medical Science, Osaka, Japan). A nose clip was used during spirometry. Vital capacity (VC), inspiratory residual volume (IRV), expiratory residual volume (ERV), tidal volume (TV), and forced vital capacity (FVC) were measured.
Abdominal muscle activation maneuver
The abdominal muscles are generally inactive at rest. We used an external respiratory load to activate the abdominal muscles. A Threshold ® device (Healthscan, Cedar Grove, New Jersey, USA) was used to attain the load. The load was set at 20 cm H 2 O.
Monitoring mouth pressure during loading
A differential pressure transducer (TP-604T, Nihonkouden) was connected to a Threshold ® device via a side-stream port to monitor mouth pressure (Pmus) during loading.
Measurement of muscle activity
Electromyography was used to measure abdominal muscle activity. The external oblique abdominis, rectus abdominis, and internal oblique abdominis were chosen as target muscles. Electrodes were placed on the skin according to Ng's method (Ng et al., 1998) . The skin was cleaned with an abrasive, and after the electrodes were placed, we confirmed that skin impedance was lower than 20 W. We used 2-cm-diameter Ag/AgCl disposable electrodes, and the electrodes were placed 2 cm apart. Each electrode was connected to an amplifier (AB-621G, Nihonkouden). Electrodes were placed on each muscle, and the placement was confirmed by flexion and rotation of the trunk (e.g., the placement of a pair of electrodes on the rectus abdominis was confirmed by flexion of the trunk, and that on the left external oblique abdominis was confirmed by right rotation of the trunk).
Electrocardiographic recording
EMG recording had to be corrected because of interference from the QRS complex. For this purpose, electrodes were placed on the upper region of the sternum and the node of the left side thorax. The ground electrode was placed on the right side of the thorax. Thus, the QRS wave was excluded from the raw EMG. The details are described in the data analysis.
Data collection
The measurement system is shown in Fig. 1 . The Pmus, electromyography, and electrocardiography signals were synchronized; all signals were sampled at 2000 Hz with a PowerLab (AD Instruments, N.S.W, Australia). Digital signal data were stored in a personal computer (LB400/J, NEC, Tokyo, Japan) and were analyzed using wave analysis software (Chart Ver 4.2, AD Instruments).
Procedure
We defined the position that a patient usually assumes during dyspnea as sitting-with-elbow-on-the-knee (SEK). The order of positions (supine, standing, sitting, SEK) assumed during measurements was determined randomly. The spirometric measurements were taken three times for each 260 Respiratory Activity of Abdominal Muscles position. Prior to the experiment, the subjects were trained several times for the measurement of PEmax and PImax. PEmax and PImax were measured three times in the sitting position.
All subjects breathed with a 20 cm H 2 O threshold load. Each subject stopped breathing for 5 s at the functional residual capacity (FRC) to determine the baseline Pmus and the baseline electromyographic values. The subject then breathed spontaneously with a normal rhythm under load (SB). Finally, the subject breathed with his best effort for 15 s for the measurement of maximal voluntary ventilation (MV). A verbal command was given to the subject to begin MV.
Data analysis
Pmus measured during respiration smoothed by a 1 s moving average. Maximal positive and negative values were determined for PEmax and PImax (Enright et al., 1994) . The Pmus measured at FRC during the stopped-breathing condition was defined as the baseline Pmusϭ0, and the respiratory phases were determined based on the Pmus record. The expiratory phase was defined as Pmus measured at positive pressure, and the inspiratory phase as Pmus measured at negative pressure. The expiratory time (Te), inspiratory time (Ti), inspiratory time to total time ratio (Ti/Ttot), and respiratory frequency (f) were calculated from the Pmus values. The electromyogram of the abdominal muscles was calculated to root-mean-square values. The expiratory and inspiratory phase of the electromyogram wave that coincided with the QRS complex of the electrocardiogram was excluded because the QRS complex affected the numerical electromyographic value. The average expiration and inspiration electromyogram amplitudes were calculated from 3 successive phases.
The lung volume, respiratory time, and average electromyogram amplitude in each position were compared by analysis of variance (ANOVA). Fisher's PLSD was used for comparisons between positions. pϽ0.05 was considered as statistically significant.
Results
Lung volume in each position
The lung volumes in each position are given in Table 2 . VC, IRV, and ERV changed with changes in posture ( pϽ0.01, 0.001, 0.001, respectively). VC in the standing, sitting, and SEK positions were larger than VC in the supine positions (pϽ0.05, 0.01, 0.01, respectively). IRV was larger in the supine position than in the other positions ( pϽ0.001 for each), and IRVs in the sitting and standing positions were larger than that in the SEK position ( pϽ0.01 for each position). ERV was smaller in the supine position than in the other position (pϽ0.001 for each position) and larger in the SEK position than in the sitting or standing positions ( pϽ0.01, 0.001, respectively).
Breathing pattern during SB and MV
The breathing pattern observed in each position is given in Table 3 . The Te, Ti, Ti/Ttot, and f during MV did not change significantly with changes in posture, except Ti/tot, which was longer in the sitting position than in the supine position. Similarly, the breathing pattern did not change with position during SB. 
Abdominal muscle activities in each position
Abdominal muscles activities during MV are given in Table  4 . On expiration, the external oblique abdominis was not affected by posture, rectus abdominis muscle activity was higher in the supine position than in the standing position (pϽ0.05), and internal oblique abdominis muscle activity was lower in the SEK position than in the sitting or standing positions ( pϽ0.05 for each position). On inspiration, external oblique abdominis and internal oblique abdominis muscle activities changed significantly with changes in position (pϽ0.05, 0.05, respectively). External oblique abdominis muscle activity was significantly higher in the SEK and standing positions than in the supine position ( pϽ0.01, 0.05, respectively), and internal oblique abdominis muscle activity was higher in the sitting and standing positions than in the SEK position (pϽ0.05, 0.01, respectively).
Abdominal muscle activities in each position during SB are given in Table 5 . On expiration, external oblique abdominis and internal oblique abdominis muscle activities changed significantly with changes in posture ( pϽ0.05, 0.001, respectively). External oblique abdominis muscle activity was higher in the SEK position than in the other positions ( pϽ0.05 for each position). Internal oblique abdominis muscle activity was higher in the standing position than in the SEK or supine positions (pϽ0.001, 0.05, respectively), and also higher in the supine and sitting positions than in the SEK position ( pϽ0.05, 0.01, respectively). On inspiration, external oblique abdominis and internal oblique abdominis muscle activities changed significantly with changes in posture ( pϽ0.05, 0.001, respectively). External oblique abdominis muscle activity was higher in the SEK position than in the supine, sitting, or standing positions ( pϽ0.01, 0.05, 0.05, respectively), and internal oblique abdominis muscle activity was higher in the standing position than in the SEK, supine, or sitting positions (pϽ0.001, 0.001, 0.01, respectively).
Discussion
We are aware that a patient with COPD can breathe with ease in the SEK position. The accessory inspiratory muscles 262 Respiratory Activity of Abdominal Muscles Table 2 The lung volume in various postures around the pectoral girdle are easily activated in the SEK position owing to placement of the upper limbs on the thighs. We expected similar findings in case of the abdominal muscles.
We used EMG for analysis of muscle activity; however, the amplitudes varied in each subject because the electrical muscle activity amplitude is affected by muscle size and thickness, fatty tissue on the muscle, skin impedance, and electrode placement. Therefore, we did not change electrode placement once the measurements had started.
Lung volume changes with changes in posture, particularly when affected by gravity (D'Angelo and Agostoni, 1995) . VC and TLC values showed a relative decrease in the supine position as compared to those in the standing position. This change is mainly attributed to a shift in blood flow from the lower limbs to the thoracic cavity. The FRC also changes with change in posture; however, the cause is different. Assuming that the abdomen is like a cavity filled with fluid, the upper abdominal pressure in the supine position is higher than that in the standing position . In the supine position, the abdominal contents push the diaphragm into the thoracic cavity, thus raising the diaphragm and decreasing the FRC relative to standing conditions. In our study, we measured the FRC, and the ERV was expressed relative to the FRC.
We expected that in the SEK position, the VC would decrease with increasing intra-abdominal pressure due to the flexed trunk. However, the results obtained were contrary to our expectations; the VC in the SEK position was similar to that in the standing position, and it was larger than that in the supine position. Others have reported the same findings (Craig et al., 1960) . It is reasoned that in the SEK position, the abdominal wall is pulled by gravity, and this prevents an increase in intra-abdominal pressure. Furthermore, the accessory inspiratory muscles that connect the ribs and scapula (e.g., the pectoralis major and minor muscles) are easily activated when the arms are pressing on the thighs, and these muscles extend the rib cage. The determining factor for FRC is the elastic recoil pressure of the rib cage and the reduced pressure in the lungs. The FRC is affected by changes in pressure over and under the diaphragm. In our study, ERV, which is closely related to FRC, increased in the SEK position. Craig et al. explained these effects in terms of a shift of the volume-pressure curve of the whole respiratory system, including the abdominal contents. Usually, the respiratory system is thought to include only the lungs and thorax, and muscles generate positive pressure above the FRC and negative pressure below the FRC (Craig et al., 1960) . The volume-pressure curve shifts to the left in the SEK position; therefore, the intra-thoracic pressure is more negative in the SEK than in the sitting position. Consequently, the diaphragm moves down, and FRC is increased.
The ventilation time is usually calculated from flowmeter data; however, we calculated each time value from Pmus. These values were not consistent with flow data because muscle activities start when pressure develops, even in the absence of airflow.
Although many studies have been conducted on respiratory responses to a threshold-type respiratory load, those studies were about inspiratory load (Goldstein et al., 1989; Larson et al., 1988; McElvaney et al., 1989) because PImax is of most interest in a patient with respiratory muscle weakness, and the inspiratory muscles are trained more than expiratory muscles. Thus, we were able to compare our load with a continuous positive airway expiratory threshold load, which is classified as a static load. The TV was reduced and Te was prolonged at this load in comparison to values in the absence of a load (Daubenspeck, 1995) . These changes may reflect an attempt to preserve the TV. However, in our study, the respiratory pattern did not change with changes in posture, i.e., posture change did not affect the respiratory control system.
External oblique abdominis activity during expiratory and inspiratory breathing was increased in the SEK position. The abdominal muscles can contract strongly when the trunk is flexed and the upper limbs are pressed against the thighs. Contraction of trunk muscle is not always necessary for trunk fixation in the SEK position because of gravity, and the abdominal muscles can be used for respiration. We predicted that the VC would decrease with trunk flexion because this posture induces an increase in intra-abdominal pressure. However, the VC did not decrease in the SEK position. The lack of change in the VC was due to the shift in the volumepressure curve of the respiratory system and the raising of the rib cage by the pectoralis major and minor muscles. Furthermore, the external oblique abdominis muscle was stretched with the rib motion, resulting in a muscle stretch reflex; therefore, external oblique abdominis activity increased on inspiration.
The increased external oblique abdominis activity on expiration was due to a different cause. On expiration, differential activation of the external oblique abdominis, internal oblique abdominis, and rectus abdominis is due to the different anatomical arrangements of these muscles. The external oblique abdominis is arranged from the lateral direction-forward, centrally, and downward. This arrangement is consistent with the direction of lower rib movement; however, the internal oblique abdominis and rectus abdominis muscle arrangements are not. Thus, the external oblique abdominis affects the movement of the rib cage. We believe that external oblique abdominis activity in the SEK position contributes to decreased dyspnea in patients with COPD.
Internal oblique abdominis activity during expiration was decreased in the SEK position; however, it was increased during inspiration in the standing position. Pressure on the lower abdominal wall by the thigh caused a decrease in internal oblique abdominis activity in the SEK position. In this position, the hip is flexed, and the lower abdominal wall is close to the proximal part of the thigh. The reason for the increase in internal oblique abdominis activity on standing is clear. De Troyer et al. showed that in the standing position the abdominal wall is stretched by the viscera (De Tryoer, 1983) . We measured internal oblique abdominis activity on the lower abdominal wall to avoid abdominal muscle crosstalk in our study, and we assumed that the increased internal oblique abdominis activity on standing was due to gravity. The rectus abdominis activity was not affected by posture. It is the least effective muscle among all the abdominal muscles for expiration.
The patients with severe COPD assume an SEK when they experience breathlessness after exercising, which is a part of the rehabilitation program. This behavior is not only related to the activities of the inspiratory accessory muscle (e.g., pectoral major and serratus anterior muscles) but also to expiratory muscles such as the external oblique muscle. The activation of the external oblique muscle assists inspiration in patients with COPD who experience breathlessness because a deep expiration naturally induces a deep inspiration. Inspiratory muscles, such as the diaphragm, are stretched or strained during expiration and the length-tension relationships of these muscles are improved. According to the pressure-volume diagram, the expansion elastic recoil of the respiratory system increases during expiration (Rahn et al., 1946) . Following this, the inspiratory muscles do not need to contract while the thorax and lungs expand from the end of expiration to FRC, but they need to contract above FRC. Furthermore, patients with COPD have a limited airflow on expiration, and the abdominal muscle activities are activated in patients with severe COPD (Vincent et al., 1992) . Thus, the external oblique muscle activation in SEK is beneficial to respiratory muscle dysfunction.
The abdominal muscle activity differed in various postures. Those differences in activity were due to differences in the anatomical arrangements of abdominal muscle. We concluded that external oblique muscle activity in SEK was availed of for decreasing dyspnea in patients with COPD when they became exhausted.
